Four soybean meals (SBM) were prepared in a commercial solvent-extraction plant to give a much wider range in heat treatment than is usually found among commercially available SBM. The meals were designated in ascending order of heat treatment as Under, Normal, Over and Rumen Escape. The Normal meal was processed using standard operating conditions. The Under meal received less heat treatment by reducing the steam pressure and retention time in the desolventizertoaster. Over and Rumen Escape meals received further heat treatment in an additional fourcompartment toaster. The Over meal received less heat treatment than the Rumen Escape meal by reducing steam pressure and retention time in both toasters. Crude protein content was similar for the four meals, but lysine tended to decrease with increasing heat treatment. In general, urease activity, trypsin inhibitor, protein dispersibility index and nitrogen solubility index decreased with increasing heat treatment. The +a Hunterlab color values increased as heat treatment increased. Apparent ileal digestibility of N and amino acids were similar for all meals (P>.05); however lysine digestibility for the Rumen Escape meal was 3.3 percentage units lower than the average of the lesser-heated meals. Energy digestibilities and nitrogen balance data were also similar (P>.05) for the four meals, but the apparent biological value of the Rumen Escape meal was 4.5 percentage units lower than the average of the other meals. There were no differences in nutritional value among the Under, Normal and Over meals, which represent the range in heat treatment usually found among SBM. The Rumen Escape meal, which received more severe heat treatment, tended to have lower nutritional value than the lesser-heated meals.
I ntroduction
The importance of heat treatment in improving the nutritional value of raw soybeans in nonruminants was first suggested by Osborne and Mendel (1917) . Degree of heat treatment has been shown to affect greatly the nutritional value of soybean products for swine (Combs et a T.A. 21827. Texas Agric. Exp. Sta. This study was supported in part from a grant-in-aid from Am. Soybean Assoc., St. Louis, MO.
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6 Dept. of Anita. Sci. Received June 24, 1986 . Accepted May 7, 1987 . al., 1967 Delort-Laval and Charlet-Lery, 1971; Rudolph et al., 1983 ; Vandergtift et al., 1983) . Today, it is well accepted that heat treatment inactivates antinutritive factors in raw soya products, primarily the protease inhibitors (Rackis, 1966; Liener and Kakade, 1980) . Excessive heat during processing can lead to destruction of amino acids and the formation of biologically unavailable amino acid-carbohydrate complexes (Mauron, 1981) . The range in heat treatment that effectively destroys the antinutritive factors without damaging the nutritional value of soybean meal (SBM) has not been well defined. In much of the research that has attempted to define this range, scientists have used laboratory-produced meals. Such research, while informative, may not be applicable to commercially-processed meals because processing variables encountered in commercial processing are difficult to duplicate under laboratory conditions.
The objectives of this study were to obtain 1273 J. Anita. Sci. 1987 .65:1273-1282 bThe Over meal was collected in approximately 30-kg quantities as it exited the R-T and spread quickly onto a concrete floor (5 to 10 cm deep). After cooling to room temperature (approximately 21 C), it was placed in burlap bags (45 kg).
CThe Rumen Escape meal was placed in burlap bags (45 kg) as it discharged the R-T. This allowed continued heat treatment until the meal reached room temperature (approximately 21 C).
SBM from a commercial plant that represented that widest possible range of heat treatment during processing, characterize the meals through several in vitro measurements of heat treatment, and determine nutrient digestibilities in growing pigs to define the processing conditions that yield SBM with maximum nutritional value for swine.
Experimental Procedure

Processing Conditions of the Soybean Meals.
Four SBM were specially prepared in a commercial solvent-extraction plant 7 at four levels of heat treatment. The meals were designated in ascending order of heat treatment as Under, Normal, Over and Rumen Escape. Meals were manufactured in 3.6-ton batches from the same bin of raw whole soybeans within a 36-h period. All meals were processed similarly prior Farmland Industries Soy Processing Co., St. Joseph, MO.
Crown Iron Works.
to entry into the four-compartment desolventizer-toaster (D-T) s. Differences in the extent of heat treatment were produced by varying temperatures and retention time of the meals in the toasting equipment (table 1) . The Normal meal is the typically processed meal produced when the plant is operating under steady-state condition at normal capacity. The steam supply to all compartments and rate of passage through the D-T were in accordance with routine processing conditions.
In preparation of the Under meal, sparge steam was eliminated in the dome of the D-T. Steam to the second compartment (meal tray 3, table 1) of the D-T was also shut off and steam was bled from the line about 5 h before obtaining the meal. Also, diversion of any meal to the flour mill was stopped, which increased the rate of meal passage through the D-T. After being discharged from the D-T, both meals were dried and ground following normal plant procedures and placed in 3-ply paper bags (22.7 kg).
The Over and Rumen Escape meals received additional heat treatment in a second fourcompartment toaster, called a reject toaster (R-T). More severe heat treatment was used in producing the Rumen Escape than the Over meal by increasing temperature in both toasters, increasing retention time in the R-T and obtaining prolonged heating after leaving the R-T (table 1) . Lower toaster temperatures for the Over Meal were obtained by employing the same procedures in the D-T as for the Under meal and by removing the steam supply from trays 1 and 4 in the R-T. In contrast, the Rumen Escape meal was processed with the steam turned on to all compartments of both toasters. Retention time in the R-T was increased by reducing the revolutions per minute of the input screw from 12 to 6 and changing the revolutions per minute setting of the ouput screw from automatic to 4.4 (table 1). To prolong heat treatment of the Rumen Escape meal, it was placed in burlap bags (45 kg) as it discharged the R-T. In contrast, as the Over meal was discharged from the R-T, it was spread quickly in a thin layer (5 to 10 cm) on a concrete floor to facilitate rapid cooling. After reaching room temperature (approximately 21 C), the meal was placed in burlap bags (45 kg).
Characterization of the Soybean Meals.
The four meals were ground in a hammermill 9 through a 6.35-mm screen. Representative samples were obtained and finely ground through a cyclone mill 1~ for analyses.
Meals were analyzed for protein, moisture and ash (AOAC, 1975) , gross energy 11 (adiabatic bomb calorimetry) and amino acid content (Spackman et al., 1958; table 2) . All amino acid concentrations except tryptophan, methionine and cystine were determined following acid hydrolysis (6N HC1 for 24 h with constant N2 flushing) using a modified Beckman 120-C amino acid autoanalyzer. Tryptophan was quantified after barium hydroxide hydrolysis, similar to the procedure of Kohler and Palter (1967) ; methionine and cystine were analyzed by a procedure similar to Moore (1963) . In 12 Hunterlab color values were determined using a Hunter Color Difference Meter. Analyses were performed by Farmland Industries, Inc., Kansas City, MO.
vitro methods used to characterize the meals for the extent of heat treatment were trypsin inhibitor (TI; Smith et al., 1980; Hammerstrand et al., 1981) , Huntertab color values 12 (McNaughton et al., 1981) , urease activity (UA), protein dispersibility index (PDI) and nitrogen solubility index (NSI) using AOCS (1970) procedures (table 3) .
Determination of Nutrient Digestibilities in
Growing Pigs. Four cornstarch-based diets were formulated to contain approximately 12% crude protein (table 4) using the four SBM. Vitamins and minerals were included to meet or exceed NRC (1979) recommended levels. Chromic oxide was included (.25%) as the indigestible marker for determining digestibilities.
Four pigs weighing about 25 kg were fitted with simple T-cannula about 15 cm anterior to the ileocecal junction. Thirteen days postsurgery, pigs were weighed (28.8 kg avg) and placed in individual stainless steel cages that had been modified to facilitate ileal digesta collection. A 4 X 4 Latin square design was used to yield four observations for each meal. Each period consisted of a minimum of 5 d adjustment to diet, followed by 4 d of total feces and urine collection. Ferric oxide (1%) was included in the diet as a visible marker to determine the onset and ending of fecal collection. Feces and urine collections were followed by 3 d of ileal collection (0600 to 1800). Facilities, cannulation procedures, postsurgery care and management and procedures for collection and analyses of diets, feces, urine and ileal digesta have been described (Cousins et al., 1981) .
Pigs were limit-fed at 0600 and 1800. Daily feed intake averaged about 4% of the pig's body weight. The amount fed was constant for all pigs during the last 3 d of the adjustment phase and during the fecal and ileal collection phases of each period. Immediately prior to feeding, water was added to each diet and mixed to form a moist, crumbly mash to enhance consumption. Pigs consumed their meals within 20 min. After consumption of the meal, about 1.5 liters of water was offered.
Nitrogen balance and digestible and metabolizable energy values determined over the total digestive tract were calculated from values based on the total collection of feces and urine. Digestibilities determined at the end of the small intestine and over the total tract were eprovided the following per kg of diet: Fe, 100 mg; Zn, 100 mg; Mn, 20 mg; Cu, 10 mg; I, .6 mg and Se, .1 mg.
fBased on average analyzed values for the four soybean meals.
calculated from relative concentrations of chromic oxide.
Data were statistically analyzed as a 4 • 4 Latin square, and Duncan's new multiple range test was used to evaluate differences (P<.05) between treatment means when a significant effect was indicated by the analysis of variance (SAS, 1982) .
Results and Discussion
Temperatures were 2.3 and 2.8 C lower, respectively, in the dome and tray 3 of the D-T when the Under meal was processed compared with the Normal meal (table 1). Both a wider range and duration of heat treatment was obtained between the Over and Rumen Escape meals. The temperatures in trays 1 and 4 of the R-T were 8.3 and 11 C higher when the Rumen Escape meal was processed. Retention time in the R-T was also twice as long for the Rumen Escape as the Over Meal (66 vs 33 min, table 1).
The range in heat treatment obtained in the production of the four SBM approached the widest range possible in a commercial plant. SBM is seldom under-heated because of the economic pressure to recover hexane and the possibility of plant explosions if excess residual hexane remains. The Under meal received the least amount of heat treatment that plant officials deemed necessary to prevent a possible plant explosion. Although it may be tempting to over-heat SBM to maximize hexane recovery, the cost:benefit ratio is questionable because of added fuel cost. The Rumen Escape meal was subjected to heat treatment over a much longer period than a commercial meal should ever receive. The four meals varied widely in color by visual appraisal. The colors that best describe the various meals were: Under, greenish white; Normal, off-white, Over, golden tan; Rumen Escape, golden brown.
The wide range in heat treatments among the four meals exhibited little effect on their protein and gross energy contents (table 2) . Protein content (dry matter basis) of the Rumen Escape meal was slightly less (52.5%) than the average (53.0%) of the other three meals. Only small differences were found in amino acid concentrations among the four meals; however, values for individual amino acids in the Rumen Escape meal were numerically lower than the average of the other three meals. The greates t differences for the essential amino acids occurred for lysine, arginine and methionine. Their values in the Rumen Escape meal were 6.8, 5.3 and 5.1% lower, respectively, than the averages of the lesser-heated meals. Morever, only 85.3% of the crude protein in the Rumen Escape meal was recovered as amino acids compared with 87.5, 89.8 and 87.4% for the Under, Normal and Over meals, respectively.
Several groups have suggested that over-heating SBM will destroy or render unavailable some of the essential amino acids, particularly lysine and arginine. Two of the most referenced reports are those of Clandinin et al. (1947) and Reisen et al. (1947) . Clandinin and coworkers showed that heating solvent-extracted soyflakes in an autoclave at 6.804 kg pressure (equivalent to approximately 121 C) for 4 min produced a meal of exceptionally high value for chicks. However, when the heating continued for 4 h, feeding value was severely depressed. Broiler feeding experiments indicated that lysine was most deficient in the overheated meal followed by methionine. Reisen et al. (1947) employed the same 4-min and 4-h treatments and used enzymatic (pancreatic) liberation of amino acids from the meals as a measure of amino acid availability. The prolonged heating reduced the liberation of lysine, arginine and tryptophan by 52, 38 and 17%, respectively. None of the other essential amino acids was affected. The abnormally long heat treatment at an extremely high temperature and the microbiological assay procedure used for amino acid determination may explain the very low recoveries.
Recently, Sibbald (1980) reported that a severely processed laboratory meal (121 C for 120 min) that had the appearance of ground roasted coffee contained 12, 9 and 7% less lysine, arginine and methionine than the average of six SBM less severely processed. Garren et al. (1982) reported a 13% loss of both lysine and arginine after autoclaving a commercial SBM for 60 min at 1.4 kg/cm 2 (approximately 126 C). In contrast, heating raw soyflakes for 105 rain at temperatures of 100 to 107 C at atmospheric pressure reduced lysine and arginine contents by only 3% (Vandergrift et al., 1983) . The loss of lysine has been attributed to the classical Maillard reaction, a reaction between the e-amino acid group of lysine and a reducing sugar (Maillard, 1916) .
Apparent digestibilities of dry matter and gross energy and digestible (DE) and metabolizable (ME) energy contents of the diets containing the four meals (table 5) were quite similar (P>.05). Both dry matter and energy digestibilities for the Rumen Escape diet were equal or numerically higher than for diets containing the three lesser-heated meals when measured at the end of the small intestine or over the total digestive tract. These data agree with previous work (Combs et al., 1967; Vandergrift et al., 1983 ) that heat treatment has little effect on content or digestibility of energy in SBM.
Apparent digestibilities of N and amino acids determined at the end of the small intestine (table 6) were also similar (P>.05) for the four meals. Among the essential amino acids, arginine exhibited the highest digestibility across the four meals (91.7% average); while threonine and tryptophan had the lowest averages (76.5 and 78.7%, respectively). Although not statistically significant, digestibilities e; lysine and methionine trended downward as heat treatment increased. Lysine and methionine digestibilities for the Rumen Escape meal were 3.8 and 2.6% less than the averages for the other three meals. Consistent with previous results in this laboratory, glycine had the lowest digesti- avalues are means for four pigs. Digestibility coefficients were calculated using chromic oxide concentrations of diets, ileal digesta and feces. Digestible and metabolizable energy contents were calculated from total feces and urine collection data. bcoefficient of variation.
CDifferences obtained by subtraction of ileal from total tract digestibilities. dDry matter basis. bility (71.0% average for the four meals) among the nonessential amino acids. Measured over the total digestive tract (table 6) N and amino acid digestibilities (except methionine) followed the same pattern and were numerically higher for all means than those found at the end of the small intestine, indicating degradation of these amino acids in the large intestine. Digestibilities of individual amino acids among the four meals became more uniform after passing through the large intestine. Similar results have been reported for other SBM (Rudolph et al., 1983; Vandergrift et al., 1983; Tanksley and Knabe, 1984) .
The trend for decreasing lysine digestibility with increasing heat treatment observed at the end of the small intestine was less apparent when measured over the total tract. The 3.3 percentage units difference between the Rumen Escape meal and the average for the other three meals at the terminal ileum was reduced to 1.5 percentage units measured over the total tract.
There were no differences (P>.05) in the extent of digestion of N and individual amino acids that occurred in the large intestine for the four meals (table 6 ). In table 6, a positive value indicates disappearance while a negative value indicates a net synthesis of the amino acid in the large intestine. The greatest disappearance occurred for amino acids with the lowest digestibilities at the end of the small intestine (threonine, glycine and proline). These results plus finding a net synthesis of methionine (--.6 to -.25 percentage units) in the large intestine are consistent with previous studies with SBM (Holmes et al., 1974; Zebrowska et al., 1977; Tanksley et al., 1981; Sauer et al., 1982; Rudolph et al., 1983; Vandergrift et al., 1983; Tanksley and Knabe, 1984) .
The average ileal lysine digestibility for the Under, Normal and Over meals was 85.9%, which is similar to the 85.6% value reported by Sauer et al. (1982) and the 86.0% average value for six SBM reported by Tanksley and Knabe (1984) .
Nitrogen retention (table 7) expressed as grams per day and as a percentage of N intake for pigs fed diets containing the four meals was similar (P>.05); however, retention was slightly lower for pigs fed the Rumen Escape meal. The slightly higher urinary N losses for the Rumen Escape meal resulted in a numerically lower biological value compared with the average of the other three meals (58.3 vs 62.8).
In vitro assays (UA, TI, PDI, NSI and Hunterlab color values) were performed on the four meals to determine if one or more of the measurements could be used to predict differences in nutritional value caused by the different heat treatments. In general, UA, TI, PDI and NSI decreased progressively with increasing heat treatment (table 3). The exceptions were that PDI was numerically higher for the Normal than Under meal and there were no differences in UA and TI values between the Over and Rumen Escape meals. The L and b Hunterlab color values also decreased with increasing heat treatment; however, the +a values which measure redness, increased.
UA is routinely used in many commercial soybean processing plants to monitor extent of avalues are means for four pigs. bcoefficient of variation.
heat treatment because inactivation of urease and the protease inhibitors reflect the same dependency on time, temperature and moisture (Mustakas et al., 1981) . UA for these meals ranged from a high of .19 ApH for the Under meal to .01 and .02 values for the Over and Rumen Escape meals. Energy and amino acid digestibilities at the end of the small intestine were essentially the same for the Under and Over meals, which suggests that the range of heat treatment used in their production enables SBM to have maximal nutritional value for growing pigs. Previous work in this laboratory has shown that energy and amino acid digestibilities were not affected in soy products with UA of .46 and .49 ApH (Rudolph et al., 1983; Vandergrift et al., 1983) . These results are consistent with the small amount of heat treatment (steaming at 100 C for 15 min) found by Rackis (1966) that was required to inactiviate the protease inhibitors. The numerically higher values of the Rumen Escape meal for both UA and TI compared with the Over meal demonstrates the inadequacy of both measurements in determining over processing.
The NSI values, which have been suggested as an indicator of the degree of toasting and nutritional quality for SBM, decreased from 27.8% for the Under meal to 7.0% for the Rumen Escape meal (table 3) . Generally, NSI values of 15 to 20 have corresponded to toasting of soybeans to a UA of .05 to .15 ApH, whereas NSI values under 10 generally indicate overtoasting (Hayward, 1967) . In these tests, the Under and Normal meals had NSI values of 27.8 and 25.1%, which is slightly higher than suggested by Hayward for maximum nutritional value.
Another method of measuring protein solubility is PDI. It is routinely used in soybean processing plants to indicate extent of heat treatment in the production of high quality soy flour for human food. Heat-treated soybean products usually range from 20 to 90 PDI (Bastiaens, 1976) . Although both NSI and PDI measure protein solubility, PDI values are usually numerically higher than NSI values. PDI values for the Under, Normal, Over and Rumen Escape meals were 54.0, 63.7, 40.6 and 7.3%, respectively. The somewhat erratic results for these four meals and the preciseness required in the analytical procedure to obtain reliable resuits suggest that PDI values have limited value for predicting value of SBM for animal and poultry feeding. McNaughton et al. (1981) suggested that the +a Hunterlab color value is a good predictor of TI content and broiler performance as well as an indicator of overprocessing. His group reported that chick performance was optimum for SBM having +a values in the range of 3.96 to 5.81. A commercial SBM autoclaved for shorter (+a value of 3.21) or longer (+a value of 6.79) periods of time caused poor performance. Our results also indicate that the +a values can be used as an indicator of heat treatment. The +a values for the four meals in these tests ranged from 2.9 (Under) to 10.0 (Rumen Escape). The +a value increased from 7.3 for the Over meal to 10.1 for the Rumen Escape meal, which suggests that the Hunterlab +a color value has more potential for indicating excessive heat treatment than UA or TI.
Although rather wide differences were found for UA, TI, PDI, NSI and Hunterlab color values among the four meals, it was impossible to correlate effectively these in vitro measurements of heat treatment with nutritional value because of the similar energy and amino acid digestibilities among the four meals.
These data suggest that there were no differences in nutritional value among the Under, Normal and Over meals, which represent the range in heat treatment that would usually be found among commercial meals. Based on amino acid composition, ileal lysine digestibility and apparent biological value, the Rumen Escape meal had slightly less nutritional value than the Under, Normal and Over meals.
